Tetrahydrocurcumin (THC) is a major metabolite of curcumin, which is obtained from Curcuma longa. THC has various benefits and overcomes the bioavailability issue of curcumin. To establish it as a pharmacologically active molecule, its safety profile has to be determined. Thus, the present study aimed to determine the preclinical safety profile of THC in a 90-day subchronic and reproductive/developmental toxicity study in Wistar rats. THC at oral doses of 100, 200, and 400 mg/kg was administered daily for 90 days. Rats in the recovery group were kept for 14 days after treatment termination. The animals were observed for treatment-related morbidity, mortality, and changes in clinical signs, clinical pathology, and histopathology. In the reproductive/developmental toxicity study, THC at 100, 200, and 400 mg/kg was administered orally to rats and the reproductive/developmental parameters in adult male and female rats and pups were observed. THC at up to 400 mg/kg/day of did not have any significant effect on all parameters in male and female rats in both toxicity studies. Thus, 400 mg/kg/day can be considered as the no-observed-adverse-effect-level of THC in rats.
INTRODUCTION
Curcuma longa, (family Zingiberaceae) also known as turmeric, is a perennial herb (1) . Turmeric powder prepared from its rhizomes is used as a coloring and flavoring agent. Moreover, it has been used for over 4,000 years for religious purposes in the historical Vedic religion (2, 3) .
Turmeric contains curcumin ( Fig. 1) , which is biologically active and yellow (1) . The quality, medicinal use, and even economic value of turmeric are determined by its curcumin content (4) . Curcumin is a safe antioxidant with a wide range of therapeutic use (5) . It is an established nutritional supplement with antioxidant, anticancer, antiinflammatory, and antimicrobial activities. It is also effective for Alzheimer's disease, cystic fibrosis, rheumatoid arthritis, cataract, and stress and cholesterol management (1) .
Tetrahydrocurcumin (THC) (Fig. 1 ) is a major metabolite of curcumin, along with hexahydrocurcumin and octahydrocurcumin (6) (7) (8) (9) . Curcumin is converted to THC in two steps by NADPH-dependent curcumin/dihydrocurcumin reductase enzyme, with dihydrocurcumin as the intermediate product (10) .
THC, which is white, can replace synthetic antioxidants in the formulation of colorless cosmetics and food products. It exhibits superoxide-scavenging activity, and decreases the deterioration of various lipid components by inhibiting lipid oxidation (7) . In addition, THC overcomes the low bioavailability of curcumin, as it was reported that in mouse plasma, THC is detected 80 min post administration, whereas curcumin is not (11) .
Curcumin has half-lives of 186 and 813 min, whereas those of THC were 111 and 232 min, showing that THC is more stable than curcumin (12) . THC is more stable than curcumin in 0.1 M phosphate buffer at pH 7.2 and 37 o C (11) . In addition, the biological effect of curcumin is influenced by the chemical stability of THC (13) . THC binds phospholipase A2 more potently than curcumin because the hydrocarbon chain of THC lacks double bond at both ends of the aromatic rings (14) . Moreover, the antioxidant, anti-inflammatory, antidiabetic, antihyperlipidemic, and antihypertensive effects of THC are more potent than those of curcumin. Furthermore, THC reduces the accumulation and cross-linking of collagen and prevents azoxymethane-induced colon cancer to a greater extent than curcumin (13) (14) (15) (16) (17) (18) (19) (20) . THC also suppresses lipid peroxidation in erythrocyte ghosts, radiation-induced lipid peroxidation, nitrilotriacetate-induced oxidative renal damage, and LDL oxidation more potently than curcumin (21) (22) (23) (24) .
The biological effects of THC have been reported by several studies (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , but its toxicity profile has not been shown. Thus, the present study was conducted to determine the preclinical safety profile of THC using a 90-day subchronic and reproductive/developmental toxicity study in Wistar rats. During efficacy study of THC in the experimental animals 40 mg/kg PO was obtained as efficacy dose, considering that 400 mg/kg was taken up for the toxicity studies.
MATERIALS AND METHODS
Chemicals. THC is a white derivative of curcumin and it contains no α,β-unsaturated carbonyl moiety (12) . THC was prepared in an inert solvent using palladium as a metallic catalyst. During the process, the selective double bond of curcumin was hydrogenated, thereby forming THC (14) . The resulting THC was then identified using high performance liquid chromatography with UV/PDA detector at 280 nm and standardized to 95% for further use. THC has a chemical formula of 1,7-Bis(4-hydroxy-3-methoxyphenyl)-3,5-heptanedione, molecular formula of C 21 H 24 O 6 , molecular weight of 372.4117, and melting range of 97-99
The three-dimensional crystal structure of THC has been studied by X-ray crystallography. The molecule is non-planar and the benzene rings positioned at the end of heptane chains are orthogonally placed, with a dihedral angle of 84.09 o , which means that the benzene rings are perpendicular to each other. The molecular geometry and H-atom locations reveal that a heptane-3,5-dione moiety exists in the keto-enol form, with the enolic hydroxyl Hatom equally disordered between the O-3 and O-5 dione moiety. Of the possible tautomeric forms, in the crystal phase, β-diketones prefer the cis-enol arrangement stabilized by strong intramolecular hydrogen bond. THC is off white in color, insoluble in water, and soluble in organic solvents, such as acetone, ethyl acetate, chloroform, and isopropanol (28) . Carboxymethyl cellulose is used as a vehicle in both the 90-day subchronic and reproductive/ developmental toxicity studies.
Animals. Adult Wistar rats, 50 and 40 each of either sex, were used for the 90-day subchronic and reproductive/developmental toxicity studies, respectively. Females used were nonpregnant and nulliparous. The animals were housed in a standard propylene cage with stainless-steel grill with autoclaved corn cob beddings, with two rats per Ninety-day subchronic toxicity study. After a minimum 6 days of acclimatization, ten rats of each sex per group were assigned to the main study groups, and five rats of each sex were assigned to the recovery group. Rats in the control (G1)/control recovery (G1R), low-dose (G2), mid-dose (G3), and high-dose (G4)/high-dose recovery (G4R) groups were administered THC at 0, 100, 200, and 400 mg/kg/day, respectively, as depicted in Table 1 .
During the study period, all animals were checked twice daily for any abnormality, morbidity, and mortality. Clinical signs were observed twice daily for the first three days of treatment and once daily thereafter throughout the experimental and recovery periods. Body weight was measured once before randomization and once weekly during the acclimatization, experimental, and recovery periods. Food consumption per cage was calculated once weekly by the weight of food left and food fed.
Blood samples were collected from the main and recov- ery groups on day 90 and 104 (14 days after the termination of treatments), respectively. Blood samples were collected early in the day to reduce biological variations caused by circadian rhythm. Immediately before sacrifice, the rats were anesthetized with isoflurane/oxygen and blood samples were drawn in a humane manner via the retro-orbital plexus using a heparinized glass microhematocrit capillary tube and placed into two separate tubes: a tube with and without anticoagulant (K 2 EDTA) for hematology and clinical biochemistry tests, respectively. Urine sample was collected early in the morning before blood sampling on the day of sacrifice. An ABC Vet hematology analyzer, COBAS Roche 9180 electrolyte analyzer, COBAS C111 clinical chemistry analyzer, and COBAS 411 urine analyzer were used to analyze hematological, electrolyte, clinical chemistry, and urine parameters. All rats were subjected to complete internal and external examination and the results were recorded. The organs from all animals sacrificed at the scheduled euthanasia were trimmed off for adherent tissue and were weighed wet at the earliest to avoid drying were preserved in neutral buffered formalin for further histopathological examination. Histopathological examination was conducted on the organs of rats in groups G1 and G4.
Reproductive and developmental toxicity study. After an acclimatization period of one week, the rats were grouped using computer-generated randomization. The selected males and females were assigned to the control (G1), low-dose (G2), mid-dose (G3), and high-dose (G4) groups (THC at 0, 100, 200, and 400 mg/kg once daily, respectively), as shown in Table 2 .
A single female was placed with a single male from the same group in a 1 : 1 ratio. Cohabitation was continued until vaginal plug or sperm in the vaginal smear was observed. Subsequently, pregnant females were housed individually until lactation day 4. The day of confirmed mating was designated as Gestation Day (GD) 0. The precoital time of each female was calculated. The duration of gestation (gestation length) was calculated from GD0 to the day of parturition.
During the study period, all animals were checked twice daily for any abnormality, morbidity, and mortality. Clinical signs were also observed daily throughout the experimental period. Individual body weights were recorded Basophils (%) M 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 F 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 plSSN: 1976-8257 eISSN: 2234-2753
during acclimatization, at Day 1 of treatment, at least once weekly during the remainder of the treatment period, and at termination. All dams were weighed on GD 0, 7, 14, and 20, as well as on lactation days 0 and 4. Feed consumption per cage was calculated once weekly by the weight of feed left and feed fed.
Complete internal and external necropsy were conducted in all groups and the results were recorded. The organs from animals sacrificed at the scheduled euthanasia were preserved in neutral buffered formalin for histopathological examination as described earlier.
Statistical analysis. Data were subjected to statistical analysis using the Stat Plus program. The data of each group were analyzed by analysis of variance (ANOVA) and expressed as mean ± standard deviation (SD). T-test was used to compare the difference between the treated and control groups. The statistical significance of the differences between groups were determined by one-way ANOVA. All analyses and comparisons were evaluated at a probability level of 5% (p ≤ 0.05).
RESULTS
In the 90-day subchronic toxicity study, mortality and abnormal clinical signs were not observed in male and female rats in the groups treated with up to 400 mg/kg/day THC. There was no change in body weight, body weight gain percentage (Fig. 2A, 2B) , and food consumption between the THC-treated and control groups. There was no significant change in neurological and hematological parameters (Table 3) , clinical chemistry (Table 4) , and GGT (U/L) M 00.04 ± 0.13 00.00 ± 0.00 00.00 ± 0.00 0.00 ± 0.00 00.00 ± 0.00 00.00 ± 0.00 F 00.00 ± 0.00 00.00 ± 0.00 00.08 ± 0.25 0.02 ± 0.06 00.00 ± 0.00 00.00 ± 0.00 (Table 5 ). The absolute and relative organ weights (Table 6 ) in all treated groups were comparable to those of the control group, and the gross histology of all THC-treated groups also showed no lesion.
In the reproductive and developmental toxicity study, there was no treatment-related abnormal clinical signs and mortality in male and female rats treated with up to 400 mg/kg/day THC. Feed consumption, body weight (Fig.  3A, 3B) , and absolute and relative organ weights of male and female rats in all treated groups were comparable to those of the control. There were no treatment-related gross pathological and histopathological lesions (Table 7) in the general organs and tissues as well as the reproductive organs and tissues of male and female animals. Precoital and gestation length was not affected by treatment. Feed consumption, net body weight gain, and changes in body weight of the dams during the gestation period were comparable to those in the lactation period. There was no treatment-related effect on all reproductive parameters and indices (Table 8) .
DISCUSSION
Curcumin is a purified crystal obtained through the solvent extraction of Curcuma longa rhizomes (3). The white THC is a hydrogenated metabolite of curcumin (13) . It has antidiabetic, neuroprotective, and anticancer activities along with beneficial effects in fibrotic liver disease (12, 25, 26) . The present study showed the subchronic and reproductive/developmental toxicity profiles of THC in rats.
In the 90-day subchronic toxicity study, THC at doses of up to 400 mg/kg caused no mortality or adverse effect during both the treatment and recovery periods. Through ophthalmological examination, we observed that the eyes of the rats were normal during the study period. During the treatment and recovery periods, male and female rats in all treated groups showed no treatment-related difference in mean food consumption, mean body weight, and net body weight gain compared to those in the respective controls. Hematological parameters of male and female rats were normal during the course of the treatment. A marginal decrease in platelet count was observed in male rats of group G4, but the decrease was comparable with that of the control. A marginal decrease in monocyte count was also observed in male rats of groups G3 and G4. The clinical chemistry parameters were normal in almost all rats. There were insignificant increases in total cholesterol and triglycerides in males and females, respectively, of G4 and G4R groups, which were considered to be incidental in nature. Sodium level decreased in female rats of G3, but the decrease was comparable to that of the control. Urine specific gravity, pH, protein, and leucocyte level were in the normal range in both the main and recovery groups. No treatment-induced gross pathological alterations were noted in any of the groups. The absolute and relative weights of the liver, kidneys, adrenals, spleen, heart, thymus, brain, testes, and epididymides of rats in the treated and recovery groups on day 91 and 105, respectively, were comparable to those of the respective controls. There was no major microscopic finding observed, and observed findings were incidental in nature and not related to the test substance. Taken together, the no-observedadverse-effect-level (NOAEL) of THC was 400 mg/kg/day.
In the reproductive/developmental toxicity study, there was no mortality except for the incidental death of dam #55 due to dystocia on GD23. The mean body weight and net body weight gain of male and female rats in the THCtreated group were comparable to those in the control group during the precoital, gestation, and lactation periods. A marginal decrease in the body weight of dams was observed on GD 0, 7, and 14. Total number of pups and body weight of pups were not affected by THC.
There was no treatment-related effect on mean litter size, mean viable litter size, live birth index, and day 4 survival index of the pups. A tail deformity was observed in the pups of dam #35, which was incidental and not dose-related. The precoital interval, gestation length, male fertility, and mating and fecundity index in all treated groups were comparable to those of the control group. There was no treatment-related effect on implantation index and percentage of pre-and post-implantation loss in all treated groups. Microscopic and macroscopic findings of rat organs did not show any treatment-related effect. The microscopic findings observed were incidental, commonly observed in Wistar rats at that age (29) , and were of similar severity in all groups. Thus, our results indicated that THC at oral doses of 100, 200, and 400 mg/kg/day was safe with respect to the reproduction and development of Wistar rats. We showed, through the 90-day subchronic and reproductive/developmental toxicity studies, that THC at doses of up to 400 mg/kg did not cause any adverse effect in rats; thus, we concluded that a repeated dose of 400 mg/kg was safe to rats and could be considered as the NOAEL of THC under our experimental conditions. Therefore, THC remains unclassified under the hazard category of the Globally Harmonized Classification System.
